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We found that R-cadherin, a Ca2/-dependent cell±cell adhesion molecule, is expressed in restricted regions of the mouse
fetal brain, as was found for E-cadherin previously. R-cadherin delineated a subset of alar domains within forebrain neurom-
eres and certain future nuclei, while E-cadherin was expressed in another distinctive pattern. When cells were collected
from various local regions of the fetal brain, dissociated, and reaggregated under the conditions in which only cadherins
are active for cell aggregation, R-cadherin-positive and -negative cells segregated from one another. Similar results were
obtained for E-cadherin. Such segregation of cells was, however, suppressed when the cadherins were inactivated either
by Ca2/ depletion or with blocking antibodies. These results suggest that cadherins confer region-speci®c adhesiveness on
fetal brain cells and that this process may take part in brain segmentation. q 1995 Academic Press, Inc.
INTRODUCTION groups of neurons through axons, thus generating elaborate
neuronal networks. Although these processes are crucial for
brain morphogenesis, little is known about their underlyingBrain development involves a process of sequential subdi-
molecular mechanisms.visions. In its earliest phase, the neural tube is separated
It can be hypothesized that cell adhesion molecules playinto prosencephalon, mesencephalon, and rhombencepha-
a role in subgrouping of embryonic neural cells, especiallylon, and these structures are further subdivided into smaller
in such processes as the formation and maintenance of neu-compartments as development proceeds. ``Neuromeres''
romere units. This idea is based on the ®nding that cells dorepresent a set of these subdivisions that appear during early
not cross the boundaries between neuromeres (rhombom-development; they are also called ``rhombomeres'' in the
eres) in the hindbrain (Fraser et al., 1990) or in the forebrainhindbrain region (Lumsden, 1990; Puelles and Rubenstein,
(Figdor and Stern, 1993) or between the cortex and gangli-1993; Guthrie, 1995). The neuromere subdivisions are de-
onic eminence in the telencephalon (Fishell et al., 1993). A®ned by anatomical landmarks and also by a number of
grafting experiment demonstrated that there is a differentialmolecular markers, including transcription factors and sig-
adhesiveness between rhombomeres along the neuroaxisnaling molecules (Krumlauf et al., 1993; Puelles and Ru-
(Guthrie et al., 1993). It is thus possible that region-speci®cbenstein, 1993; Rubenstein et al., 1994; Stoykova and
cell adhesiveness may exist, and this might serve to prohibitGruss, 1994). The boundaries between neuromeres or rhom-
cell migration beyond the neuromere or other subdomainbomeres are known to serve as barriers to cell migration
boundaries. Recently, it was indeed reported that cells de-(Fraser et al., 1990; Figdor and Stern, 1993), and their pres-
rived from different regions of the embryonic forebrainence is thought to be essential for the determination of the
showed differential adhesiveness (Whitesides and LaMan-identity of each neuromere unit (Wilkinson, 1993). A fur-
tia, 1995).ther subdivision of the brain occurs as the neurons differen-
Cadherin cell adhesion molecules are known to contrib-tiate. In the cortex, neurons with an identical function are
ute to neural cell±cell associations (Takeichi et al., 1991).grouped and allocated into a particular level of the cell layer.
The cadherins represent a large superfamily of transmem-In other regions, homotypic neurons are clustered together
to form nuclei, each of which is connected with other brane or cell surface molecules with diverse functions
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(Ranscht, 1994). Of these, the group of ``classic'' cadherins E0, and the developing stages of collected embryos were
determined according to Kaufman (1992).are known to be homophilic Ca2/-dependent cell±cell adhe-
sion molecules, which are crucial for the establishment of
tight association between cells in essentially all the solid
Generation of Monoclonal Antibodies againsttissues (Takeichi, 1991). In their homophilic interactions,
Mouse R- and N-Cadherinthey preferentially bind to like molecules, leading to selec-
tive adhesion of given cells to those expressing identical R-cadherin fusion proteins were prepared as described
previously (Matsunami et al., 1993). To produce N-cadherincadherins. As various classic cadherins, such as N-, E-, B-,
and R-cadherin, are differentially expressed in the brain (Re- fusion proteins, the BamHI±EcoRV fragment of mouse N-
cadherin cDNA (Miyatani et al., 1989), encoding 290 aminodies et al., 1992, 1993; Shimamura and Takeichi, 1992; Mur-
phy-Erdosh et al., 1994), they could conceivably be involved acids from positions 308 to 597, was inserted into the
BamHI±SmaI site of the pGEX-3X vector (Pharmacia). Pro-in speci®c connections of neural cells. Another study indi-
cates that even more members of the classic cadherin sub- cedures for expression and puri®cation of fusion proteins
were described previously (Matsunami et al., 1993).family are expressed in the brain (Suzuki et al., 1991). A
recent report showed that N-cadherin is involved in the Donryu rats were immunized by intraperitoneal injection
of the fusion proteins (200 mg/animal) emulsi®ed withmaintenance of the subependymal zone in the canary neo-
striatum (Barami et al., 1994). Furthermore, E-cadherin ex- Freund's complete adjuvant. After boosting of the animal
three times with the same amount of antigen emulsi®edpression was demonstrated to delineate a set of patchy sub-
domains in the mouse fetal brain (Shimamura and Takeichi, with Freund's incomplete adjuvant, splenocytes of the rats
were collected and fused with P3U1 myeloma cells. Culture1992; Shimamura et al., 1994).
R-cadherin, a member of the classic cadherin subfamily, supernatants of the hybridomas obtained were screened for
reactivity to R-cadherin or N-cadherin by immunoblottingwas originally identi®ed in the chicken retina (Inuzuka et
al., 1991). Like other cadherins, R-cadherin preferentially of the lysates of L-cells transfected with either R-cadherin
cDNA (Matsunami et al., 1993) or N-cadherin cDNA (Miya-interacts with like molecules, although it can also crossin-
teract with N-cadherin (Inuzuka et al., 1991; Matsunami tani et al., 1989). Six monoclonal antibodies, termed
MRCD-1 to MRCD-6, were isolated against R-cadherin, andet al., 1993). R-cadherin was identi®ed in the chicken and
mouse, and its amino acid sequence and adhesive speci®city two monoclonal antibodies, termed MNCD-1 and MNCD-
2, were isolated against N-cadherin. Out of them, MRCD-are highly conserved between both species, suggesting its
common functions beyond the species level (Matsunami et 5 and MNCD-2 were chosen for further experiments, mono-
clonals which speci®cally recognized R-cadherin and N-al., 1993). As demonstrated previously, R-cadherin is ex-
pressed in restricted groups of neural cells in the chicken cadherin, respectively, without any detectable crossreaction
to each other or to other cadherins, tested thus far.embryonic brain (Redies et al., 1992, 1993).
In the present study, we extended our analysis of R-cadh-
erin expression to the mouse fetal brain and found novel Immunoblot Analysisimportant expression patterns: R-cadherin was expressed in
a way that delineates a subset of neuromeres and other Proteins of cells and tissues were separated by SDS±
PAGE (7.5% polyacrylamide) and transferred to nitrocellu-restricted regions. This is the ®rst report, together with a
similar ®nding on the chicken R-cadherin (GaÈnzler and Re- lose ®lters. After the blots had been incubated with MRCD-
5 for R-cadherin, MNCD-2 for N-cadherin, or H28 fordies, 1995), showing that neuromeres can be de®ned by a
well-characterized adhesion molecule. Moreover, R-cadh- NCAM (kindly provided by F. Walsh and K. Ono), and then
with HRP-linked anti-rat Ig, signals were detected by theerin was expressed in restricted classes of forming brain
nuclei. In cell aggregation assays, we found that cells of the ECL Western blotting system (Amersham).
R-cadherin-positive regions segregate from those of negative
regions only when cadherins are active. Likewise, E-cadh-
Whole-Mount Antibody Stainingerin-positive cells formed clusters segregating from negative
cells, and this clustering was inhibited by anti-E-cadherin Samples in Hepes-buffered saline (HBS) were heated in a
microwave oven (Sanyo) for a few minutes. This step wasantibodies. In the light of our data, we discuss the role of
cadherins in region-speci®c aggregation of fetal brain cells essential to obtain intense signals when MRCD-5 and
MNCD-2 antibodies were used. Then the samples were ®xedand in brain segmentation.
in HBS containing 4% paraformaldehyde for 2 hr at 47C.
For slice preparations, ®xed samples were embedded in HBS
containing 1.5% agarose (Wako), and 200-mm-thick sectionsMATERIALS AND METHODS
were cut with a Microslicer (D.S.K. DTK-1000, Kyoto). The
subsequent procedure was essentially identical to that de-Mouse
scribed by Shimamura and Takeichi (1992). Brie¯y, the sam-
ples were incubated in methanol for 20 min at 0207C. TheyEmbryos were derived from the mating of ICR strain
mice. The midpoint of the dark period was designated as were rehydrated with Tris-buffered saline containing 1 mM
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CaCl2 and 0.5% Triton X-100 (TBS-T) and then incubated in coding from the 3* end of the homeodomain to the 3* un-
translated region were used for hybridization; both probesTBS-T containing 2% bovine serum albumin (BSA) and 1%
hydrogen peroxide for 6 hr at 47C. The samples were washed gave the same staining pattern, although the latter provided
stronger signals. We thus used the latter probe for furtherwith TBS-T and incubated with a culture supernatant of
MRCD-5 or MNCD-2 hybridomas containing 0.5% Triton analysis. For Dlx-2, the 560-bp EcoRI fragment was used for
hybridization.X-100 overnight at 47C. After having been washed, these
samples were incubated overnight with HRP-conjugated
anti-rat Ig antibody (Amersham) or biotin-labeled secondary
Cell Aggregation Assayantibodies and HRP-conjugated avidin±biotin complex (ABC
Elite kit, Vector). After another washing, they were incu- Tissue fragments were collected from different regions of
bated with 0.5 mg/ml diaminobenzidine (DAB) and 0.015% E12.5 brains and minced with tweezers. These tissues were
hydrogen peroxide in TBS-T. then dissociated into single cells by TC or LTE treatment
A rabbit antiserum raised against nestin, kindly provided as described by Takeichi (1977) and Urushihara et al. (1979).
by R. D. G. McKay, the 2H3 anti-155-kDa neuro®lament Brie¯y, for TC treatment, the minced tissues were incu-
monoclonal antibody (Dodd et al., 1988), and a rabbit antise- bated with 0.01% trypsin (Sigma T-8253) in Hepes-buffered
rum speci®c for E-cadherin (Shimamura and Takeichi, 1992) Ca2/- and Mg 2/-free Hanks' solution (HCMF, pH 7.4) sup-
were also used to label cell aggregates or embryos by the plemented with 10 mM CaCl2 for 30 min at 377C. For LTE
above methods, in which the step for heating in microwave treatment, the tissues were incubated with 0.0005% trypsin
oven was omitted. in HCMF supplemented with 1 mM EDTA for 30 min at
377C. To obtain a single cell suspension, we repeatedly
washed the trypsinized cells with gentle pipetting in HCMFImmunohistochemistry of Sections
at 47C.
Embryos were ®xed with 4% paraformaldehyde in HBS Aggregation of TC-treated cells was carried out in wells
for 2 hr at 47C, incubated in a graded series of sucrose solu- of a 6-well dish (Nunclon Multidish 6). Cells (2±4 1 106/
tions (12±15±18%), and embedded in Tissue Tek Com- ml) suspended in 2 ml HCMF containing 1 mM CaCl2, 1
pound (Miles Scienti®c). They were then sectioned at 15 mM MgCl2, 1% BSA, and 70 unit/ml DNase I (Takara) were
mm with a cryostat and collected on 3-aminopropyltrieth- placed in each well and incubated on a rotary shaker (80
oxysilane-coated glass slides. The cryosections were im- rpm) at 377C. For a control experiment, EGTA was added
mersed in HBS and heated in a microwave oven for a few to a ®nal concentration of 1 mM in place of the CaCl2.
minutes. These samples were incubated with methanol for When necessary, mAb ECCD-1, which blocks E-cadherin
10 min at 0207C. They were subsequently incubated in activity (Yoshida-Noro et al., 1984), or control antibodies
TBS containing 5% skim milk, primary antibodies, biotin- were added to the cell suspension. For LTE-treated cells,
labeled secondary antibodies, and HRP-conjugated avidin± aggregation was carried out in wells of a 24-well dish (Nun-
biotin complex. Signals were detected with DAB as de- clon Multidish 24). Cells (2±41 106/ml) were suspended in
scribed above. 0.5 ml of Hepes-buffered (pH 7.4) and Ca2/-free Eagle's MEM
(Nissui) supplemented with 10% fetal calf serum and 70
unit/ml DNase I (Takara). For incubation with a normalIn Situ Hybridization
Ca2/ concentration, 1 mM CaCl2 was added to the MEM.
Whole-mount in situ hybridization was performed as de- The cell suspension was incubated as for TC-treated cells.
scribed by Shimamura et al. (1994). Brie¯y, embryos were Aggregates formed were collected for whole-mount immu-
dissected in HBS and, when necessary, brains were isolated. nostaining or immunoblotting, as described above.
These were cut in half sagittally to expose the ventricular
side and ®xed in 4% paraformaldehyde in HBS at 47C. Other
samples were sliced as described above. After pretreat- RESULTS
ments, samples were hybridized with digoxigenin-labeled
single-stranded RNA probes (see below) in cell strainers Expression of R-Cadherin Associated with
(Falcon 2350) placed in a 6-well tissue culture dish (Nunc). Neuromere Patterning
For R-cadherin probes, the 1221-bp EcoRI fragment cod-
ing from the 5* untranslated region to the N-terminal half Using a monoclonal antibody speci®c for R-cadherin, we
analyzed its localization in mouse embryonic or fetal brains.of the extracellular region and the 450-bp PCR-ampli®ed
fragment as described in Sano et al. (1993) were used for To obtain the overall view of R-cadherin expression in the
entire brain, we sagittally cut embryos or dissected brainshybridization. Both probes gave the same signals, but the
former gave stronger ones. Thus, for further analysis we in half to expose the medial wall of the brain ventricle and
stained them as whole-mount samples. Similar preparationsused the former probe. Pax-6 plasmids were kindly provided
by P. Gruss and Dlx-2 by J.L.R. Rubenstein. For Pax-6, the were also used for in situ hybridization. Thick-sliced or
thin-sectioned samples were used for more detailed analy-308-bp EcoRI±NheI fragment that was described by Walther
and Gruss (1991) and the 1104-bp Bgl II±EcoRI fragment ses of R-cadherin localization.
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R-cadherin expression was ®rst detected in a few patchy R-cadherin-positive zone extended beyond the ventricular
sulcus at the VT/DT boundary (Fig. 3A), as found for otherareas of E9.5 embryonic brains (Fig. 1A), and these signals
became more intense by E12.5 (Fig. 1B). Through these de- VT markers (Puelles and Rubenstein, 1993), supporting
their colocalization. In the R-cadherin-positive zone, cellsvelopmental stages, the most prominent R-cadherin signal
was found in the region containing the ventral thalamus expressing this molecule extended their processes from the
ependymal limit to the pia mater border, and more intense(VT). The caudal limit of this signal was found around the
zona limitans intrathalamica, and the ventral limit was at R-cadherin staining was observed in more ventricular areas
(Fig. 3A), suggesting that this molecule is expressed in neu-the alar/basal boundary; both limits were sharply delineated
from the adjacent negative zones. Regions rostral to the VT, roepithelial cells. We also examined samples stained by in
situ hybridization at various R-cadherin-positive and -nega-i.e., those up to the perioptic stalk zones, also expressed R-
cadherin. The R-cadherin staining also extended dorsoros- tive boundaries at higher magni®cations (Fig. 3B). In the
view from the ventricular side, essentially all the cells weretrally to the cortex of the telencephalon via the eminentia
thalami (Fig. 1C). The expression in the cortex spread to found to express R-cadherin transcripts in the positive zones
at least at the ependymal layer level (Figs. 3C±3F). The R-the olfactory bulb. In the telencephalon, the medial and
lateral ganglionic eminence were negative for R-cadherin cadherin-positive cell group sharply bordered the adjacent
negative zone at the VT/DT, alar/basal plate, and pretec-expression, resulting in a sharp boundary between the emi-
nence and the positively stained cortex (Fig. 1C), although tum/midbrain boundaries (Figs. 3C±3E), whereas, at the ros-
tral end of the pretectum-associated R-cadherin expression,the caudal ganglionic eminence was positive. These expres-
sion patterns of R-cadherin were con®rmed by immuno- positive cells gradually decreased in number (Fig. 3F).
For comparison, we immunostained for N-cadherin andstaining E12.5 brains sliced sagittally (Fig. 1D) or horizon-
tally (Figs. 1F and 1G). Analysis of these sliced samples found that this cadherin expression did not correlate with
any neuromere patterning in the forebrain. N-cadherin wasprovided additional information: The expression of R-
cadherin was in general most intense in the ventricular expressed throughout the CNS at the developmental stages
examined in the present study (Figs. 1H and 1I), although azone. In the telencephalic cortex, R-cadherin expression
was reduced or absent in the more medial portions (Figs. 1F local heterogeneity in its expression intensity was evident;
the latter tendency increased at later developmental stages,and 1G).
Another region of R-cadherin staining was found in the as previously reported (Redies and Takeichi, 1993).
pretectum, although its expression appeared later than in
the VT, and its immunostaining was relatively weak (Fig. Other R-Cadherin-Positive Regions1B). The posterior limit of this R-cadherin expression was
sharp, corresponding to the boundary between the pretec- In E12.5 embryos, R-cadherin signals were also observed
in other local regions. In the ventrocaudal region of thetum and mesencephalon, whereas the anterior limit ended
with a gradual decrease of the staining in the region border- midbrain, a pair of nucleus-like domains were R-cadherin-
positive by both immunostaining and in situ hybridizationing the dorsal thalamus (DT); the latter was completely
negative for this cadherin expression. (Figs. 1B and 2A, short arrows; Figs. 4A and 4B). Their loca-
tion suggests that they are presumably future trochlear nu-The above results suggest that R-cadherin expression oc-
curs in a subset of neuromeres that were previously de®ned clei (Altman and Bayer, 1981). The sulcus limitans in the
myelencephalon and spinal cord, as well as the cerebellarby various molecular markers. To con®rm this, we com-
pared the R-cadherin expression pattern de®ned by means primordia, also expressed R-cadherin (Figs. 1B, 4C, and 4D).
The myelencephalon also contained an unidenti®ed R-of in situ hybridization with that of Pax-6 or Dlx-2, which
had previously been implicated in neuromere boundaries cadherin-positive area with a peculiar morphology (Fig. 4C).
There were other R-cadherin-positive regions that were not(Bulfone et al., 1993; Stoykova and Gruss, 1994). As ex-
pected, the expressions of Pax-6 and Dlx-2 overlapped the identi®ed.
At later developmental stages at least up to E14.5, a simi-expression of R-cadherin. For example, both Pax-6 and Dlx-
2 were expressed in the VT, as reported previously (Bulfone lar expression pattern of R-cadherin was observed in the
ventricular zone of the CNS. Thereafter, the R-cadherin-et al., 1993; Stoykova and Gruss, 1994), and these expres-
sions spatially coincided with R-cadherin expression at positive regions were further divided into smaller subdo-
mains with increased complexity, and novel positive zonestheir caudal edges (Figs. 2A±2C, long arrows); all of them
ended at the VT/DT boundary. Similarly, R-cadherin and appeared with the differentiation of neurons. These observa-
tions will be reported elsewhere.Pax-6 expressions in the pretectum coincided at their caudal
limits (Figs. 2A and 2B, arrowheads), although they did not
coincide at their rostral limits, since the latter was ex- Segregation of R-Cadherin-Positive and -Negativepressed only in the caudal half of the pretectum at the stages
Cellsexamined.
To analyze the R-cadherin expression pattern at the cellu- The above observations suggest that R-cadherin-mediated
cell±cell adhesion may contribute to the formation or main-lar level, we immunostained sections of E11.0 brains in the
VT and adjacent regions. It should ®rst be noted that the tenance of neuromeres or other subdomain structures in
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FIG. 1. R- and N-cadherin expression in developing mouse brains. (A±D and F, G) R-cadherin immunostaining of whole-mount samples
(A±C) or sections (D, F, G). (H, I) N-cadherin immunostaining of whole-mount samples. (A) A ventricular side view of an E9.5 embryo
sagittally cut in half, in which the medial wall of the ventricle is exposed. Regional R-cadherin expressions are ®rst detected at this stage
in the diencephalon and telencephalon. (B) A ventricular side view of an isolated E12.5 embryonic brain sagittally cut in half. Ventral
thalamus and adjacent rostral regions, pretectum, a portion of the ventrocaudal midbrain (arrow), cerebellum primordia, and some other
regions are R-cadherin-positive. (C) The ventricular wall of an isolated E12.5 embryonic telencephalon. The olfactory bulb, cortex, and
eminentia thalami are R-cadherin-positive. (D) A sagittal section of an E12.5 embryo stained for R-cadherin. Caudal ganglionic eminence
is positive but the lateral ganglionic eminence is negative. (F and G) Horizontal sections of an E12.5 embryo at two different levels of the
brain shown in (E). (H, I) A ventricular side view of an E9.5 (H) or E12.5 (I) embryo sagittally cut in half and stained for N-cadherin. ce,
cerebellum; cge, caudal ganglionic eminence; cx, cerebral cortex; di, diencephalon; dt, dorsal thalamus; emt, eminentia thalami; lge, lateral
ganglionic eminence; me, mesencephalon; mge, medial ganglionic eminence; ob, olfactory bulb; pt, pretectum; te, telencephalon; vt,
ventral thalamus. Scale bars, 500 mm.
FIG. 2. Comparison of the expression pattern of R-cadherin with that of Pax-6 or Dlx-2 by in situ hybridization. All samples represent
a ventricular side view of an isolated E12.5 brain cut sagittally in half and stained by in situ hybridization. (A) R-cadherin, (B) Pax-6, and
(C) Dlx-2. The VT/DT boundary is indicated by long arrows, and the pretectum/midbrain boundary, by arrowheads. The region with a
positive signal indicated by the short arrow is identical to that pointed to by the arrow in Fig. 4B. Scale bar, 500 mm.
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the fetal brain by endowing the cells with a subpopulation- ated with low concentrations of trypsin in the presence of
speci®c adhesiveness. As an initial approach to testing this EDTA (LTE treatment), Ca2/-independent aggregation mol-
idea, we examined if cadherin activity is, in general, in- ecules remain functional on their surfaces although cadher-
volved in region-speci®c cell aggregation. We collected fetal ins are removed (Takeichi et al., 1979; Urushihara et al.,
brain fragments containing both R-cadherin-positive and 1979; Grunwald et al., 1980; Brackenbury et al., 1981; Mag-
-negative regions from three different zones, as illustrated nani et al., 1981). We applied this cell dissociation protocol
in Fig. 5C. Zone I contained VT, DT, and adjacent basal to the zone I tissues. After LTE treatment, R- and N-cadh-
plate tissues; zone II contained pretectum and rostral mid- erin were largely removed from the cells as predicted (Fig.
brain; and zone III contained trochlear nuclei and sur- 6A), but NCAM, a Ca2/-independent cell aggregation mole-
rounding tissues. Tissues from each zone were completely cule, was still present at its nearly original expression level,
dissociated into single cells after treatment with trypsin in although its molecular size was slightly reduced (Fig. 6A).
the presence of Ca2/ (TC treatment), which is known to These LTE-treated cells were incubated in suspension with
digest all Ca2/-independent cell±cell adhesion molecules Ca2/-free Eagle's MEM supplemented with 10% FCS (low
but to leave cadherins intact on the cell surface (Takeichi, Ca2/ medium) or with the same medium to which 1 mM
1977; Takeichi et al., 1979; Urushihara et al., 1979; Grun- Ca2/ had been added. In the former medium, whose Ca2/
wald et al., 1980; Brackenbury et al., 1981; Magnani et al., concentration is approximately 1/10 of the physiological
1981). The TC-treated cells were then allowed to aggregate value, cadherin activity was signi®cantly suppressed, as
in the presence or absence of Ca2/ for 30 min. Without judged from the observation that TC-treated brain cells ag-
Ca2/, they did not aggregate at all (Fig. 5A); however, in the gregated little in this medium (data not shown). However,
presence of Ca2/, they quickly aggregated without any lag in both media, the LTE-treated cells quickly aggregated
period, as expected (Fig. 5B), indicating that only Ca2/-de-
within 30 min (data not shown), suggesting that at least
pendent cell±cell adhesion molecules are functioning, at
their initial aggregation was mediated by Ca2/-independent
least during this short incubation, without any recovery
adhesion molecules. During further incubation, the cellsof other groups of cell±cell adhesion molecules. When the
gradually recovered R-cadherin (Fig. 6B); the nutritous me-aggregates that had formed were immunostained for R-
dium was purposely used to permit this recovery. After 3cadherin, positive cells were found to have clustered to-
hr of incubation, we collected the aggregates and stainedgether and segregated from negative cells, although both
them for R-cadherin. In the aggregates formed in the lowpopulations were in general associated with one another
Ca2/ medium, R-cadherin-positive cells were randomly dis-in chimeric aggregates (Figs. 5D±5F). Similar results were
tributed (Fig. 5I); a similar result was obtained when EGTA,obtained with the cells collected from all three zones. For
a Ca2/ chelator, was added to the culture medium. In con-comparison, we immunostained those aggregates for N-
trast, in the aggregates formed in the medium with the phys-cadherin and found that it was evenly stained throughout
iological Ca2/ concentration, R-cadherin-positive and -nega-the aggregates (Fig. 5G), as expected from its distribution
tive cells sharply segregated from one another. These resultspattern. The presence of R-cadherin as well as N-cadherin
indicate that, when cadherins are inactive, cells located inin the TC-treated cells was con®rmed by immunoblotting
the R-cadherin-positive and -negative regions randomly in-(Fig. 6A).
termix with one another and also that R-cadherin-positiveWe then performed control experiments to test whether
cells can segregate from negative cells even in the presencethe segregation of R-cadherin-positive and -negative cells
of Ca2/-independent adhesion mechanisms when cadherinsoccurs, when cadherin activity is blocked by low Ca2/ con-
are active, suggesting that cadherin activity plays a domi-centrations, and when Ca2/-independent adhesion mole-
cules are present. It is known that, when cells are dissoci- nant role in selective aggregation of fetal brain cells.
FIG. 3. High-magni®cation views of boundaries between R-cadherin-positive and -negative areas. (A) A frontal section of the forebrain
of an E11 embryo immunostained for R-cadherin. Ventricle is to the left. Arrow points out the boundary between the R-cadherin-positive
VT and -negative DT, and the arrowhead, a sulcus running along the boundary. (B±F) An isolated E11.5 brain was stained for R-cadherin
by in situ hybridization, and four different zones with boundaries between R-cadherin-positive and -negative areas were chosen for high-
magni®cation observations. The sample was ¯attened on a slide glass and photographed by Nomarski optics at the VT/DT boundary (C),
the alar plate/basal plate boundary of the VT (D), the pretectum/midbrain boundary (E), and the rostral end of the pretectum-associated
expression area (F). te, telencephalon; ve, ventricle. Scale bars, 100 mm.
FIG. 4. Expression of R-cadherin in various regions of E12.5 brains. (A) A frontal section at the caudal end of the midbrain stained for
R-cadherin by in situ hybridization. (B) A cut surface at the caudal end of the midbrain immunostained for R-cadherin. A trochlear nucleus
is indicated by an arrowhead in (A) and (B). (C) A dissected hindbrain immunostained for R-cadherin. The roof of the fourth ventricle is
removed. The pontine ¯exure is located at the left end, and the cervical ¯exure at the right end. Regions with positive staining in the
anterior portion of myelencephalon were not identi®ed. (D) A ventricular side view of the myelencephalon and spinal cord, cut sagittally
in half and immunostained for R-cadherin. The sulcus limitans is stained from the hindbrain to the spinal cord (arrows in C and D). Scale
bars, 500 mm.
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E-Cadherin-Dependent, Region-Speci®c Cell
Aggregation
E-cadherin is also expressed in local regions of the fetal
brain (Shimamura and Takeichi, 1992; Shimamura et al.,
1994). In the diencephalon and mesencephalon, E-cadherin
occurred at patchy areas within the alar domain of the pre-
tectum and dorsal thalamus, and also within their basal
plates (Fig. 7A). This molecule also sharply delineated the
VT/DT boundary as well as some other boundary regions.
The E-cadherin expression was thus at least in part associ-
ated with neuromeric patterning, as found for R-cadherin.
We then examined whether E-cadherin-positive cells can
segregate from negative cells in the cell aggregation assay.
Since function-blocking antibodies are available for this
cadherin, their effect was tested. TC-treated cells were col-
lected from the zone depicted in Fig. 7A, allowed to aggre-
gate for 30 min in the presence or absence of anti-E-cadherin
monoclonal antibodies (ECCD-1), and stained for E-cadh-
erin. Without ECCD-1, E-cadherin-positive cells, although
not all of them, formed small clusters within the aggregates
where the major cell population was E-cadherin-negative,
and they segregated from the negative cells (Fig. 7B). In the
presence of ECCD-1, the E-cadherin-positive cells tended
to dissociate into single cells, resulting in their random
mixing with negative cells (Fig. 7C). For quanti®cation of
FIG. 6. Immunoblot analysis of R-cadherin, N-cadherin, andthis tendency, we measured the ratio of the single E-cadh-
NCAM in TC- or LTE-treated fetal brains. (A) Whole E12.5 brainserin-positive cells to the total E-cadherin-positive cells un-
were subjected to TC or LTE treatment. (Lane 1) Untrypsinized
der both conditions. This value was 14.5 { 2.1% (mean { samples. (Lane 2) TC-treated samples. (Lane 3) LTE-treated sam-
SD, n  282) in the absence of ECCD-1, and 34.9 { 2.8% ples. (B) LTE-treated E12.5 brain cells were incubated in the normal
(mean { SD, n  295) in its presence, indicating that the Ca2/ medium for 30 min (lane 2), 60 min (lane 3), or 3 hr (lane 4),
antibody treatment signi®cantly increased the single E- or in the low Ca2/ medium for 3 hr (lane 5). (Lane 1) before incuba-
cadherin-positive cell population. Control antibodies, such tion. The mature R-cadherin protein bands are indicated by an
arrow; its expression increased after the 3-hr incubation. The upperas the anti-chicken N-cadherin antibody NCD-2 (Hatta and
band (arrow) is presumably the precursor protein. The autoradio-Takeichi, 1986), had no effect on the association of E-cadh-
gram for (B) was exposed longer than that for (A). A similar amounterin-positive cells.
of proteins was applied for each lane in each set of electrophoresis.Finally, as controls, we immunostained TC-treated cell
Molecular weight markers: 200, 116, 97, 66, and 45 (1103) in (A);aggregates derived from zone I shown in Fig. 5C for nestin
and 200, 116, 97, and 66 (1103) in (B).
and neuro®lament. Nestin, known as a neuroepithelial
marker (Lendahl et al., 1990), was found on most cells in
the aggregates, and no segregation was observed between
positive and negative cells (Fig. 7D). Neuro®lament-positive
of R-cadherin was found in the VT and adjacent rostral re-
cells, which represented only a minor population of the
gions and also in parts of the telencephalic cortex. A similar
aggregated cells, were scattered without clustering in the
expression was also found in the pretectum. In these R-
aggregates (Fig. 7E). These results suggest that the sorting
cadherin-positive areas, essentially all neuroepithelial cells
events observed above were not those between differenti- appeared to express this molecule. Most of the R-cadherin-
ated and undifferentiated neural cells. positive areas were sharply demarcated from adjacent nega-
tive areas, for example, at the boundaries between pretec-
tum/mesencephalon, VT/DT, and telencephalic cortex/me-
DISCUSSION dial and lateral ganglionic eminence, although there was an
exception in that R-cadherin expression gradually changed
between pretectum and DT. These R-cadherin-positiveIn the present study, we analyzed the overall expression
pattern of R-cadherin in the mouse fetal brain and discov- zones coincided at least in part with those of Pax-6 or Dlx-
2, which had previously been implicated in neuromere pat-ered an important pro®le of its expression. This molecule
is expressed in association with neuromere patterning and terning, implying that there might be a genetic linkage be-
tween them.also in other restricted subdomains of the fetal CNS. Along
the medial wall of the brain ventricle, intense expression We also con®rmed our previous observation that E-cadh-
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erin is regionally expressed in the neuroepithelium of the brain cells. The ®rst experiment was designed to test the
role of general cadherin activity in selective aggregation offetal brain (Shimamura and Takeichi, 1992; Shimamura et
al., 1994). Some of these E-cadherin expressions correlated brain cells, and in this assay, R-cadherin was used as a re-
gion-speci®c marker. Early studies demonstrated that thewith the neuromeric pattern. For example, E-cadherin delin-
eated the VT/DT boundary as a sharp line; this was not treatment of cells, including embryonic neural cells, with
trypsin and Ca2/ (TC treatment) temporarily removes allfound previously. The patchy E-cadherin staining in the alar
plate of the pretectum did not extend over the pretectum/ Ca2/-independent cell±cell adhesion molecules from the
cell surface, leaving Ca2/-dependent aggregation activity in-midbrain limit. Similarly, the E-cadherin staining in the
basal plate did not cross the basal/alar plate boundary. As for tact (for review, see Takeichi, 1988). This phenomenon has
been explained by the idea that Ca2/-dependent conforma-other E-cadherin-positive regions, however, their relations
with neuromeres were not always obvious, although they tional changes in the cadherins protects them from proteol-
ysis (Takeichi, 1988; Pokutta et al., 1994). To our knowl-probably de®ne certain speci®c domains.
It was reported that cell migration is restricted at the edge, among the cell±cell adhesion molecules thus far iden-
ti®ed, only cadherins show this unique type of Ca2/boundary between the cortical ventricular zone and the lat-
eral ganglionic eminence in explants of mouse fetal telen- sensitivity. Therefore, it is reasonable to assume that cadh-
erins are the major factors responsible for the Ca2/-depen-cephalon (Fishell et al., 1993). Similarly, in the embryonic
chicken diencephalon, cells do not cross the boundaries be- dent aggregation of TC-treated cells. Consistent with the
previous observations, we found that mouse fetal brain cellstween the compartments de®ned as D1 to D4 (Figdor and
Stern, 1993), where D1, D2, and D3/D4 correspond to VT, dissociated by TC treatment quickly aggregated in a strictly
Ca2/-dependent manner within a short incubation periodDT, and pretectum, respectively (Puelles and Rubenstein,
1993), as is also the case for hindbrain rhombomere bound- and that they expressed intact R- and N-cadherin proteins.
Under these experimental conditions, R-cadherin-positivearies (Fraser et al., 1990). A possible explanation for these
phenomena would be that cells in each subdivision are en- and -negative brain cells segregated from one another during
their aggregation, although the two populations formeddowed with a speci®c adhesiveness that serves to restrain
them from free movement beyond the boundaries. The dis- chimeric aggregates.
As a control experiment to check the signi®cance of thetribution of R-cadherin is consistent with this idea: the
boundaries between R-cadherin-positive and -negative above phenomenon, we tested whether the observed R-
cadherin-positive and -negative cell segregation can be in-zones correlated with the borders for restricted cell migra-
tion, except that R-cadherin was expressed in both D3 and hibited by a low Ca2/ concentration, which suppresses
cadherin activity. We prepared LTE-treated cells in whichD4 (subdivisions of the pretectum) at the boundary between
which cells do not cross (Figdor and Stern, 1993). The E- Ca2/-independent cell±cell adhesion molecules, such as
NCAM, were left active, although most cadherin moleculescadherin expression correlated with certain cell migration
borders as well; e.g., a line of E-cadherin-positive cells along were temporarily removed. These cells were incubated in a
culture medium with a low or normal Ca2/ concentration.the VT/DT boundary could serve as a barrier to cell mi-
gration. Under both conditions, the cells quickly aggregated because
of the presence of Ca2/-independent cell±cell adhesionThe above ®ndings led us to examine whether cadherins
can indeed determine region-speci®c adhesiveness of fetal mechanisms. During the incubation, the cadherins were
FIG. 5. Aggregation of fetal brain cells collected from R-cadherin-positive and -negative areas separated by sharp boundaries. (A, B) Cells
were collected from whole E12.5 brains, dissociated by TC treatment, and incubated in suspension in the presence of 1 mM EGTA (A)
or 1 mM CaCl2 (B) for 30 min. They aggregated only in the presence of Ca2/. (C) Three zones, I, II, and III, from which cells were collected
for the following cell aggregation assay, are depicted. (D ±F) Cells collected from zones I (D), II (E), or III (F) were dissociated by TC
treatment, incubated in the presence of 1 mM CaCl2 for 30 min, and immunostained for R-cadherin. In all three cases, R-cadherin-positive
cell clusters tended to segregate from negative cell clusters. (G) N-cadherin immunostaining of TC-treated cell aggregates, collected from
zone I. (H, I) Cells collected from zone I were dissociated by LTE treatment, incubated in the normal Ca2/-medium (H) or in the low-
Ca2/-medium (I) for 3 hr, and immunostained for R-cadherin. Scale bars, 100 mm.
FIG. 7. Immunostaining for E-cadherin, nestin, and neuro®lament in TC-treated cell aggregates. (A) E-cadherin expression in an E12.5
brain. The enclosed portion was used for the cell aggregation assay. Arrowhead indicates the pretectum/midbrain limit, and the arrow
points to the VT/DT boundary. (B, C) E-cadherin staining of TC-treated cell aggregates after a 30-min incubation in the absence (B) or
presence (C) of ECCD-1. E-cadherin-positive cells are observed as small clusters in (B), but as single cells in (C), as indicated by arrows,
respectively. ECCD-1 was used in a concentration that can block E-cadherin in epithelial cells (a 1:200 dilution of an ascites ¯uid). The
control sample contained the NCD-2 mAb in a similar antibody concentration. The immunostaining of these samples was done by use
of a rabbit antiserum speci®c for E-cadherin; ECCD-1 antibodies only weakly bind to the antigens and do not affect their distribution on
the cell surface (Yoshida-Noro et al., 1984). (D) Staining for nestin. (E) Staining for neuro®lament. Note scattered positive cells. For (D)
and (E), TC-treated cells were collected from the zone I in Fig. 5C and incubated for 30 min. Scale bars, 1 mm for (A); 50 mm for (B) to
(E).
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gradually replenished, allowing us to detect R-cadherin-pos- in the neuroepithelium of the dorsal thalamus but not in
the ventral thalamus, that its expression pattern is at leastitive cells in the aggregates formed. In these aggregates, R-
cadherin-positive cells randomly intermixed with negative in part complementary to that of R-cadherin (H. Matsu-
nami, S. Suzuki, and M. Takeichi, unpublished), and thatcells in the low Ca2/ medium, whereas they sharply segre-
gated from one another in the medium with a normal Ca2/ cadherin-11 is expressed along the VT/DT boundary, as
found for E-cadherin (Y. Kimura and M. Takeichi, in prepa-concentration. Concerning the latter process, we can specu-
late that, in the initial stage of cell aggregation, R-cadherin- ration). These observations suggest that various cadherin
subtypes are expressed covering all subdivisions of the fetalexpressing and -nonexpressing cells randomly aggregated by
the use of Ca2/-independent cell±cell adhesion molecules, brain and that each subdivision expresses a speci®c combi-
nation of multiple cadherins, not only R- and E-cadherinsbut their sorting was induced with the recovery of cadher-
ins. These results support the idea that cadherin activity is but also others. It is thus likely that a combinatorial action
of multiple cadherins determines the overall region-speci®cessential for the sorting of cells localized in R-cadherin-
positive and -negative regions. These experiments also adhesiveness of individual brain cells, which may lead the
cells to overcome the nonselective action of N-cadherin inshowed that Ca2/-independent cell±cell adhesion mole-
cules, at least the ones left in LTE-treated cells, are not their selective association processes.
In addition to the expressions to delineate neuroepithelialessential for the observed cell sorting phenomenon and that
their presence did not hinder the cadherin-dependent cell subdomain boundaries, cadherins are also expressed in de-
veloping nuclei. We presented one example; that is, R-cadh-sorting process. We have thus provided evidence for the
general importance of cadherins in neuroepithelial cell erin was expressed in a pair of nuclei that were tentatively
identi®ed as trochlear nuclei. These R-cadherin-positivesorting.
As for E-cadherin, we could provide more direct evidence cell groups were sharply demarcated from the surrounding
negative zones and were found to segregate from the latterfor its speci®c role in selective cell association. As found
with R-cadherin-expressing cells, E-cadherin-positive cells in the cell aggregation assay. Our previous work showed
that R-cadherin is also expressed in restricted nuclei consti-clustered and segregated from negative cells. Their cluster-
ing was at least partly inhibited by anti-E-cadherin antibod- tuting the chicken visual system (Redies et al., 1993). Many
other cadherins, such as cadherin-11, are differentially ex-ies. As a result, the E-cadherin-positive cells became more
randomly intermixed with the negative cells. The segrega- pressed in a wide variety of nuclei (Y. Kimura, T. Inoue, T.
Tanaka, S. Suzuki, and M. Takeichi, in preparation). There-tion of E-cadherin-positive cells was, however, not as con-
spicuous as that of R-cadherin-positive cells; nor did they fore, nuclear formation, which must require a cell sorting
process, also seems to be controlled by a combinatorial ac-form large aggregates compared with the latter. This could
be due to a relatively small number of E-cadherin-positive tion of multiple cadherins. To summarize, our present re-
sults suggest that fetal brain cells are endowed with region-cells present in the cell suspensions prepared; they might
have had a lower probability of meeting. Alternatively, E- speci®c adhesiveness by local expressions of R-, E-, and
other cadherins. This system may be essential not only forcadherin-positive cells might express other cadherin sub-
types. This could modify their adhesion speci®city and local selective association of developing neural cells but
also for the maintenance of the segmental structure of thecomplicate their sorting behavior, as discussed below. The
expression of E-cadherin indeed overlapped that of R-cadh- fetal brain.
erin as well as that of N-cadherin, e.g., in local regions of
the pretectum. This phenomenon also explains why ECCD-
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